Osmotic shock induced transient stabilization of p53, possibly due to increased degradation of Mdm2. Stabilized p53 was activated by p38 MAPK , resulting in G1-arrest through induction of p21 WAF1 . Among the postulated phosphorylation sites involved in p53 stabilization or activation (ser15, ser20, ser33, and ser46), only ser33 was phosphorylated. Furthermore, interaction of p53 with the transcriptional coactivator p300 was induced, and lys382 of p53 was acetylated. shock. Phosphorylation of neither ser15 nor ser20 was needed in this activation.
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Summary
Osmotic shock induced transient stabilization of p53, possibly due to increased degradation of Mdm2. Stabilized p53 was activated by p38 MAPK , resulting in G1-arrest through induction of p21 WAF1 . Among the postulated phosphorylation sites involved in p53 stabilization or activation (ser15, ser20, ser33, and ser46), only ser33 was phosphorylated. Furthermore, interaction of p53 with the transcriptional coactivator p300 was induced, and lys382 of p53 was acetylated. Although inhibition of p38 MAPK did not prevent nuclear accumulation of p53, phosphorylation of ser33 was markedly suppressed by SB203580, a specific inhibitor of p38
MAPK
. Under these conditions, acetylation of lys382 and induction of p21 WAF were also inhibited, and cells with elevated levels of p53 showed normal cell cycle progression. Activated p38 MAPK phosphorylated endogenous p53 at ser33 in living cells. In stable transformants expressing dominant negative MKK6, an upstream protein kinase of p38
Introduction
Cells respond to environmental stress with multiple defense systems for the maintenance of homeostasis or adaptation. Exposure of cells to hyperosmotic media initiates an immediate response that regulates cell volume.
In the yeast
Saccharomyces cerevisiae, a MAP kinase, Hog1, has been implicated in this response.
Activation of Hog1 up-regulates the activity of glycerol-3-phosphate dehydrogenase encoded by the GPD1 gene, which stimulates accumulation of glycerol, thus increasing intracellular osmolarity (1) . Mutants defective in Hog1 expression cannot grow in hyperosmotic media (2) . In mammalian cells, exposure to hyperosmotic media causes activation of p38 MAPK , a homologue of Hog1 (3) . While Hog1 is activated only by osmotic stress, p38 MAPK is activated by a wide range of stress, such as osmotic shock, UV, heat shock, nutritional starvation, and cytokines. In vertebrates, some tissues such as small intestine (4) and colon (5) are routinely exposed to hyperosmotic tissue fluid, and in renal medulla, the osmolarity of the interstitial fluid of urinary tubules is often more than five times higher than normal (6) , suggesting involvement of p38 MAPK in the response to osmotic challenge in daily life.
Mammalian cells accumulate and activate the tumor suppressor protein p53 after exposure to genotoxic or environmental stress like heat shock (7) (8) (9) (10) . Activated p53 protein functions as a transcription factor for different groups of genes involved in the cell cycle checkpoint [p21 WAF1 (11) ], DNA repair [Gadd45 (12) , DDB2 (13) , p53R2 (14) , etc], or apoptosis [Bax (15) , p53AIP1 (16) , etc]. Cell cycle arrest is mediated by enhancement of p53-dependent expression of p21 WAF1 , which is a general inhibitor of 4 cyclin-dependent protein kinases (Cdks). This checkpoint control enhances genetic fidelity by causing arrest at specific stages of the cell cycle when previous events have not been completed. p53 is a short-lived protein with a half-life of 20-40 min. This is due to its rapid ubiquitination by Mdm2 and subsequent degradation by 26S
proteasome (17, 18) . In this way, only a trace amount of p53 is detected in rapidly growing normal cells. Recent studies revealed that accumulation of p53 following genotoxic stress is mainly caused by suppression of degradation. Interaction of p53 and Mdm2 is mediated by an N-terminal region of p53 (thr 18~l ys 24 ) (19) . X-ray and UV irradiation somehow activates ATM (12) and ATR (20) , respectively. These kinases then activate a down-stream chk1 or chk2 checkpoint kinase which phosphorylates ser20 of p53 (21, 22) . p53 phosphoryated at ser20 escapes from degradation through diminished interaction with Mdm2 (23, 24) . In cells treated with hypoxia, the Mdm2 protein level is down-regulated, which is a likely mechanism for accumulation of p53 (25, 26) . Activation of p53 is also reported to be controlled by phosphorylation of p53 at critical serine residues in the N-terminus. Activated ATM or ATR can phosphorylate ser15 in vivo and in vitro (27) (28) (29) (30) . Recently, it was reported that UV and chemotherapeutic agents activate p38 MAPK , and that activated p38 MAPK phosphorylates ser33 plus ser46, and ser33 alone, respectively (31, 32) . Another potential mechanism that may play a critical role in p53 activation is acetylation. In an in vitro experiment, lys320 is acetylated by PCAF (33), while lys373 and lys382 are acetylated by p300/CBP (33, 34) . Phosphorylation at ser15 stimulates interaction between p53 and its transcriptional coactivators p300/CBP. Substitution of ser15 causes a defect in p53-by guest on November 6, 2017
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Until now, the molecular mechanisms of the stabilization and activation of p53
have been analyzed mainly with cells treated with DNA damaging agents such as ionizing radiation (IR), chemotherapeutic drugs, or UV. However, these agents produce different types of reactive radicals which may damage cellular components along with the DNA. In such cases, multiple signaling pathways might be activated simultaneously, which complicates analysis of the overall response process.
Compared with these treatments, osmotic shock and hypoxia seem simple, because they have little effect on DNA. Previously, we reported that nuclear accumulation of p53 is evoked in normal human fibroblasts cultured in hyperosmotic medium (38) .
Recently it was reported that p53 accumulated under hyperosmotic conditions was transcriptionally active in a murine renal inner mudullary collecting duct cell line (mIMCD3) (39) . However, little is known about the molecular mechanism of osmotic shock-induced p53 accumulation and its effect on the cell cycle checkpoint. In the present study, we found that p53 was transiently stabilized by hyperosmotic treatment, independently of phosphorylation of ser15 and ser20 in normal human fibroblasts.
However, phosphorylation of ser33 is critical for cell cycle arrest through induction of Replacement at individual sites was confirmed by DNA sequence analysis.
Immunostaining
Mori and mouse primary fibroblasts were cultured on glass-coverslips. The cells were treated for various periods in hyperosmotic media containing 240~260 mM NaCl. In control experiments, cells were irradiated with X-rays, and incubated for various periods at 37 . These cells were prefixed with 3.7% formaldehyde for 2 min at room temperature, washed with PBS, and then fixed with 80% methanol for 10 min at -10 .
Cells were stained with antibodies against p53 (PAb1801, Calbiochem) for 30 min at room temperature. To detect phosphorylation of specific serine residues, anti p53-Pser15 (42), anti p53-P-ser33 (43) , and anti p53-P-ser46 (16) ) were lysed in TEG buffer (26) , and p300 was immunoprecipitated with an antibody against the protein (N-15, Santa Cruz ) and protein G-Sepharose. The
Sepharose beads were then washed, and bound proteins were separated by SDS-PAGE and electrophoretically transferred to a PVDF membrane filter. p53 or p300 protein was detected with the antibody DO1 (Calbiochem) or N-15 (Santa Cruz), respectively, using an ECL detection system (Amersham).
Cell cycle analysis
Cell cycle analysis was performed as described elsewhere (10) . Briefly, cells were 
RT-PCR assay
Total RNA was extracted from cells by the acid guanidinium-phenol-chloroform method.
The concentration of RNA was equalized (100 µg/ml). Reverse transcription was carried out using the SUPERSCRIPT Preamplification System (BRL). 
Microinjection
Microinjections with glass needles were performed as described elsewhere (45 
Results
p53-dependent cell cycle arrest following osmotic shock.
When normal human fibroblasts were cultured continuously in hyperosmotic medium, nuclear accumulation of p53 was detected by immunostaining within hours. The accumulation was induced in medium containing 210~270 mM NaCl, but above 290 mM NaCl, cells shrank in a short time and detached from dishes. In most subsequent experiments, cells were cultured in medium containing 240 mM NaCl. Accumulation of p53 was detected as early as 3 h, and peaked around 6 h, as determined by either immunostaining (Fig. 1, A and B) or Western blotting (Fig. 1C) . More than 90% of the treated cells showed positive staining for p53 with a similar level of fluorescence intensity. The amount of p53 protein returned to the basal level within 12 h even in the hyperosmotic medium. p21 WAF1 is a major target of activated p53 (11) , and inhibits the Cdk/Cyclin complex, thus inducing cell cycle arrest at G1/S (47) . Following the increase in the p53 protein level, the p21 WAF1 protein level rose gradually with a peak at around 9 h, and then returned to the basal level within 24 h (Fig. 1D) To determine whether up-regulated p21 WAF1 evoked cell cycle arrest, cell cycle profiles were analyzed by flow-cytometry. In proliferating normal fibroblasts (Mori), the percentage of cells in the S-phase was 11% ( Fig. 2A, C and Table I ). However, in hyperosmotic medium, cells in the S-phase disappeared within 12 h ( Fig. 2A, 12 h ) and cell cycle arrest mainly at the G1-phase continued for more than 24 h (Table I) . To confirm that activated p53 is required for cell cycle arrest in high salt medium, we analyzed and compared cell cycle profiles of primary cell strains derived from p53
knock-out and wild-type mice. While p53 +/+ fibroblasts showed a marked decrease in the S-phase population and an increase in the G1-phase population 12~24 h after osmotic shock, p53 -/-fibroblasts grew without cell cycle arrest (Fig. 2B , 12~24 h and Table I ). Since these two types of mouse cells have the same genetic background except for the p53 gene, these results indicate the absolute requirement of p53 for cell cycle arrest at G1/S.
Transient stabilization of p53 protein through down-regulation of Mdm2 following osmotic shock.
The amount of p53 could be controlled at each step from transcription of the gene through to degradation of the protein. To determine whether transcription levels changed before and after osmotic shock treatment, the total amount of p53 mRNA was measured by an RT-PCR method. As shown in Fig. 3A , no change was observed during at least 6 h incubation. We could not determine the production rates of p53
protein by pulse-labeling with To analyze the mechanism of stabilization of p53, we determined the Mdm2 protein levels of MCF7 cells following osmotic shock. We chose this cell line since the cells showed accumulation of p53 on osmotic stress and relatively high levels of Mdm2 under normal culture conditions. Mdm2 levels decreased within 1 h following osmotic shock, became minimal at 6 h when the p53 level became maximal, and increased again at 9 h, possibly due to the transcriptional activation by activated p53 (Fig. 3C) .
Phosphorylation of p53 at ser33 and interaction of p53 with p300 following osmotic shock.
Recent study revealed that the phosphorylation of certain serine residues in the Nterminal region is critical for the stabilization and transcriptional activation of p53 protein (24, 31, 36) . These residues include ser20 for stabilization and ser15, 33, and 46 for activation. We determined whether these important serine residues were phosphorylated in normal human fibroblasts following hyperosmotic treatment by using phospho-serine-specific rabbit polyclonal antibodies. While phosphorylation of ser15, 20, and 46 was detected by Western blotting in X-ray irradiated normal human fibroblasts, no positive blotting signals of phosphorylation at these sites were obtained in cells treated with osmotic shock during 9 h incubation (Fig. 4A) . Even if the cells were cultured in medium containing a higher concentration of NaCl (280 mM) (Fig. 4C) for longer incubation times (up to 12 h), phosphorylation of ser15 and ser46 was not detected (data not shown). In contrast, phosphorylation of ser33 was observed following osmotic and X-ray treatments. Under these conditions, comparable amounts of p53 protein were accumulated following both treatments (Fig. 4A) . Phosphorylation of ser15, ser33, and ser46 was also examined by immunostaining. While all of these sites were phosphorylated in X-ray irradiated cells, only ser33 was phosphorylated in osmotic shock-treated cells (Fig. 4B ). Because such positive-staining for ser33 was completely blocked with a phospho-peptide used for immunization, this signal was confirmed to be specific (data not shown). Thus, we concluded that among the four phosphorylation sites in the N-terminus of p53, only ser33 was phosphorylated on osmotic treatment in normal human fibroblasts.
The transcriptional coactivator p300 has been shown to interact with p53
following genotoxic treatments and induce acetylation of lys 382 of p53, which is important for activation of p53 (34, 37) . As shown in Fig. 4C , both osmotic shock (Osm 240) and X-ray irradiation induced acetylation of lys382 in normal human fibroblasts, while a specific inhibitor of proteasome (lactacystin) failed to induce this modification (Fig. 4C ). Osmotic shock with a higher concentration of NaCl (280 mM) also failed to induce the acetylation, possibly due to low levels of p53 accumulation resulting from shrinkage of cells (Fig. 4C) . To examine the association of p53 with p300, cell extracts prepared from MCF7 cells were immunoprecipitated with an anti-p300 antibody, and by guest on November 6, 2017
http://www.jbc.org/ Downloaded from p53 was detected by Western blotting. An association was detected in cells treated with osmotic shock and X-ray irradiation, but not in cells treated with lactacystin (Fig.   4C ).
p38
MAPK is not involved in the stabilization of p53.
In vivo, it was suggested that p38 MAPK phosphorylates ser33 of p53 following genotoxic treatment (31) . To examine the effect of p38 MAPK on the stability of p53, a specific inhibitor of p38 MAPK (SB203580) was included in the hyperosmotic medium at the concentrations of 20 µM~40 µM, and p53 was detected by Western blotting and immunostaining. Comparable amounts of p53 were accumulated both in the presence and in the absence of the inhibitor. Under these conditions, p38 MAPK protein levels were also the same (Fig. 5A ). On immunostaining, the frequency and intensity of fluorescence of p53-positive cells in response to osmotic shock was similar to those of control cells treated without the inhibitor (data not shown). These results clearly indicate that the p38 MAPK inhibitor has no effect on the stabilization of p53 following osmotic shock.
Requirement of p38 MAPK for transcriptional activation of p53.
To examine the effect of SB203580 on phosphorylation of ser33, human fibroblasts were cultured in hyperosmotic medium containing the p38 MAPK inhibitor and stained for phospho-ser33. While nearly 90% of the control cells treated without the inhibitor showed positive staining, only 20% of the cells were positive in the presence of the inhibitor (Fig. 5 , B and C). Similar inhibition of phosphorylation at ser33 was observed with the human lung carcinoma cell line A549 (Fig. 5C ). Under these conditions, acetylation of p53 at lys382, induction of p21 WAF1 , and Mdm2 expression were almost completely inhibited as determined by Western blotting (Fig. 5, D and E) . Such inhibition of p21 WAF1 induction also occurred with another p38 MAPK inhibitor, SB202190
(data not shown).
To examine whether accumulation of p53 with diminished expression of p21 WAF1 influenced the cell cycle arrest observed in hyperosmotic medium, cell cycle analysis was carried out with human fibroblasts by flow-cytometry. Whereas the percentage of cells in the S-phase at the 24 h time-point was nearly zero in the absence of the p38 MAPK inhibitor, that of cells cultured in hyperosmotic medium in the presence of the inhibitor was 7% (Fig. 5F , SB +). This value was similar to that of cells in normal medium (11%) (Fig. 5F , Cont).
To evaluate the role of phosphorylation of p53 at ser33 in transactivation, a p53 expression plasmid mutated at ser33 (S33A) was co-transfected with a luciferasereporter plasmid containing the p53-binding site of p21 WAF1 into a p53-null cell line (H1299) derived from lung cancer. Although mutated p53 protein was expressed at a level similar to wild type p53 (WT), expression of the reporter gene was inhibited by this substitution (Fig. 5G, S33A ). As reported elsewhere (36), substitution of ser15 resulted in a more significant inhibitory effect, and substitution of both ser15 and ser33 acted additively (Fig. 5G, S15, 33A ). These results strongly suggest that p38 MAPK is the major kinase involved in phosphorylation of p53 at ser33, and that this phosphorylation is important for cell cycle arrest at G1/S in response to osmotic shock.
Phosphorylation of p53 at ser33 by p38 MAPK in living cells.
SB203580 is a specific inhibitor of p38
MAPK , but we cannot exclude the possibility that it acts simultaneously on some unidentified protein kinase(s) in vivo. To confirm that p38 MAPK phosphorylates p53 at ser33 in vivo, primary human fibroblasts were cultured for 2 h in medium containing lactacystine to induce nuclear accumulation of p53.
Lactacystine inhibits the action of proteasome (49), thus preventing degradation of p53.
p53 accumulated in this way is not phosphorylated at any possible serine residues in the N-terminus (28, 34) . When p38 MAPK expression plasmid was co-microinjected into the nuclei of the lactacystine-treated cells with a constitutively active MKK6 (MKK6EE) expression plasmid, overexpressed p38 MAPK migrated into the nucleus within 3 h (Fig.   6A ), and phosphorylated lactacystine-induced endogenous p53 at ser33 (Fig. 6B ).
However, microinjection of p38 MAPK expression plasmid alone resulted in overexpression of p38 MAPK in the cytoplasm (Fig. 6A) , and no phosphorylation at ser33 was observed (data not shown).
Hemagglutinin (HA) epitope-tagged dominant negative MKK6 (MKK6AA) was localized both in the cytoplasm and the nucleus of human fibroblasts 12 h after microinjection (data not shown). When these cells were further cultured in hyperosmotic medium for 6 h, p53 was accumulated to almost the same level as in non-injected cells, but phosphorylation of ser33 was markedly suppressed (Fig. 6C ).
In contrast, control cells microinjected with a vector plasmid alone and treated in the same way, contained a comparable amount of p53 phosphorylated at ser33 (Fig. 6C) .
These results suggest that p38 MAPK can phosphorylate p53 at ser33 in living cells, but that this phosphorylation is not required for stabilization of p53 induced by osmotic shock.
Inhibition of transcriptional activation of p53 in stable transformants expressing dominant negative MKK6.
To support the conclusion made from the microinjection experiments quantitatively, we transfected the HA-tagged dominant negative MKK6 plasmid into human cell lines and obtained several stable transformed clones expressing high levels of HA. Induction of p53 and p21 WAF1 accumulation, and phosphorylation of p53 at ser33 were monitored by Western blotting. The A549 cell has been shown to accumulate p53 protein following various types of genotoxic stress (34) . When A549 transformants were cultured in hyperosmotic medium, the amount of p53 protein increased to a level similar to that in control cells transformed with an empty vector plasmid (Fig. 7A) . However, phosphorylation at ser33 was severely suppressed in the transformants containing dominant negative MKK6 (Fig. 7A) . Unfortunately, we could not analyze the effect of dominant negative MKK6 further with A549 transformants, because induction of p21 WAF1 was found to be impaired in A549 cells due to an as yet undetermined defect (data not shown). Therefore, we obtained stable transformants of another cell line, MCF7.
When MCF7 cells transformed with a dominant negative MKK6 plasmid or an empty vector plasmid were cultured in hyperosmotic medium, similar levels of p53 were 21 detected in both (Fig. 7B) . However, acetylation of p53 at lys382 and induction of p21 WAF1 were inhibited nearly to the control level in the transformants expressing dominant negative MKK6 (Fig. 7, B and C) . Because a similar suppression of p53 phosphorylation at ser33 was observed in two independent stable transformants derived from different cell lines (A549 and MCF7), the possibility that the suppression is due to unknown effects associated with transformation and selection procedures seems unlikely.
Discussion
In this study, we showed that p53 was activated in human cells by hyperosmotic treatment as determined by expression of p21 WAF1 , or cell cycle arrest. This activation was almost completely inhibited by either p38 is indispensable for osmotic shock-induced p53 activation. Although phosphorylation at ser33 seems essential for the activation of p53, we cannot exclude the possibility that phosphorylation of other sites by activated p38 MAPK is required for full activation. It was suggested that phosphorylation of ser389 is important in mouse cells for p53-mediated transcriptional activation by UV irradiation (52, 53) , and that this phosphorylation is mediated by p38 MAPK (54, 55) . Recently, it was reported that ser33 and ser46 of human p53 are phosphorylated by p38 MAPK after UV irradiation (31) , and that phosphorylation of ser33 by p38 MAPK is critical for activation of p53 after treatment with DNA damaging agents (32). It is not clear whether this signaling pathway including the sensor is the same as that of osmotic shock, but these results suggest phosphorylation of ser33 to be a general process for activation of p53 following environmental stress. In vitro, p38 can phosphorylate p53 at ser33, but not at ser46 (16, 32) . Phosphorylation of ser46 was found to be critical for induction of p53AIP1, a mediator of p53-dependent apoptosis localized in mitochondria (16) . Under our experimental conditions of osmotic shock, no cell death was observed. Therefore, our finding that only ser33 is phosphorylated by p38 MAPK is consistent with the idea that phosphorylation of ser46 is involved in p53-dependent apoptosis.
Many lines of evidence indicate the significance of phosphorylation at ser15 for activation of p53. This phosphorylation is mediated by either ATM or ATR in X-ray or UV irradiated cells (28, 30) . While ser15 is reported to be phosphorylated in murine renal collecting duct cells (mIMCD3) treated with osmotic shock (39), we could not observe any phosphorylation of p53 at this site in normal human fibroblasts under various hyperosmotic conditions. Since mIMCD3 is a murine cell line transformed with SV40, this discrepancy might be due to differences between primary cells and transformed cell lines. Phosphorylation of ser15 stimulates association of p53 with p300/CBP (35, 36) . Transcriptional activity of p53 is then enhanced through acetylation of some lysine residues in the C-terminal region. Actinomycin D, however, induces acetylation of p53 in vivo without phosphorylation of ser15 (56), and a p53 Nterminal peptide phosphorylated at ser33 inhibits the acetylation in vitro (34) . In the present study, we showed that phosphorylation of ser33 and acetylation of lys382 were almost completely inhibited by either p38 MAPK -specific inhibitors or expression of a dominant negative form of MKK6. These results suggest that phosphorylation of only ser33 also stimulates acetylation of p53.
The elevation in intracellular p53 protein levels observed after genotoxic stress is mainly caused by increased stability of p53 in most cases. Following osmotic shock, the degradation rate for p53 also decreased transiently, but ser20 was not phosphorylated in this case. Association of p53 with p38 MAPK itself is also reported to induce stability in p53 in vitro (31) , but overexpression of p38 MAPK alone or with constitutively active MKK6 did not induce accumulation of p53 either in the cytoplasm or in the nucleus (data not shown). In this study, we found that the levels of Mdm2 were down-regulated following osmotic shock. Hypoxia also induces down-regulation of Mdm2 with no change in the Mdm2 transcription rates (26) . Recently, it was reported that Mdm2 is conjugated with small ubiquitin-like modifier protein SUMO-1 at lys446
and that this sumoylation inhibits down-regulation of Mdm2 through self-ubiquitination.
SUMO-1 modification levels decrease after X-ray and UV irradiation, and this decrease is inversely correlated with the level of p53 (57) . Currently, we do not know whether the same mechanism of down-regulation of Mdm2 operates following osmotic shock, but this down-regulation may be at least in part a cause of the transient stabilization of p53 in this case.
Elevated levels of p53 normalized within 12 h, even though cells were cultured continuously in hyperosmotic medium. However, when cells were treated again but with a much higher osmotic shock (300 mM NaCl), p53 accumulation was observed with a time course similar to that of the first treatment (unpublished data). Cells could not survive in the second hyperosmotic medium without "adaptation" to the first treatment (240 mM NaCl). Thus, cells seem to have a sensor to detect differences in osmolarity 
Footnotes
The abbreviations used are: ATM, ataxia telangiectasia mutated; ATR, ataxia telagiectasia and rad3 related; CBP, CREB-binding protein; PCAF, p300/CBPassociated factor. 
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